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THESIS ABSTRACT 
 
It is now understood that the Southern Ocean is a high-nutrient, low-chlorophyll zone; 
production being limited by the micronutrient iron (Fe).  The seasonal formation and subsequent 
melt of Antarctic sea ice covers an area of approximately 17 million km
2
, an area roughly twice 
the size of the Australian continent.  Sea ice has the ability to store Fe at concentrations two 
orders of magnitude higher than in the underlying water column.  Its formation can negatively 
influence the concentration of dissolved Fe in surface waters surrounding the continent by 
entrainment within the sea ice.  However, during its melt, it can release this stored reserve of Fe 
into the underlying water column at a time that is coincidentally ideal for algal growth. During 
the winter, light-limited conditions prevail, however, during spring and into summer, 
stratification of the water column due to increased meltwater and shallowing of the mixed layer, 
combine with increased solar radiation, seeding of the water column with sea ice algae and the 
release of Fe.  The result is large algal blooms that may significantly affect the regional carbon 
cycle with possible flow-on effects to global climate.  However, considerable variability in the 
estimates of the size and relative contribution of these ice edge blooms exists.   
 
Fe can be sourced to Southern Ocean surface waters from sediment resuspension, aeolian dust 
deposition, hydrothermal plume waters or from extraterrestrial dust.  However, there is growing 
evidence that sea-ice-entrained Fe may be one of the most bioavailable due to abundant organic 
complexation coupled with photo-oxidation either in situ or upon release into strongly-stratified 
melt waters.  This work adds significantly to our understanding of the distribution and 
concentration of Fe in Antarctic sea ice; and is coupled with measurements of physical and 
biogeochemical variables.  It is based on two independent research voyages into the Antarctic 
sea ice environment including one spatial study during the transition from winter to early spring, 
sampling pack and fast ice (SIPEX, Sept-Oct 2007) and one temporal study in fast ice off the 
  v 
coast of East Antarctica (Oct-Dec 2009).  Before this thesis less than a handful of studies had 
sampled Antarctic sea ice in dedicated studies.  In an area of 17 million km
2
 with 
characteristically high heterogeneity, this makes for an extremely patchy data set requiring more 
validation.   
 
Aside from adding to the global data set for Antarctic sea ice, brines, underlying sea water and 
snow, with measurements of dissolved, particulate and total dissolvable Fe, salinity, 
temperature, Chlorophyll a (Chl a), ice texture, stable oxygen isotope, exopolysaccharides, 
particulate and dissolved organic carbon and nitrogen and macronutrient variables, the main 
findings of this work are: 1) Validation that sea ice can concentrate Fe up to two orders of 
magnitude higher than in the underlying water column. 2) Exopolysaccharides are not directly 
correlated with proportional concentrations of Fe within sea ice however they can be with Chl a 
and particulate organic carbon. 3) Apparent dissolved Fe (dFe × brine volume fraction) and 
estimates of cellular carbon to Fe ratios suggest that during SIPEX, the sea ice microbial biota 
were not limited by dissolved Fe but rather may have been by nitrogen (NO2+NO3) or silicate 
(Si(OH)4). 4) Conversely, under-ice seawater algal communities may have been limited by 
dissolved Fe and/or light and grazing by zooplankton during SIPEX. 5) A significant inverse 
correlation between dissolved Fe and Chl a in the basal layers of pack ice, most likely indicates 
the active drawdown of dissolved Fe by the sea ice biota, combined with some fraction lost to 
the water column or converted to the particulate fraction.  6) During SIPEX, a markedly higher 
concentration of particulate Fe was observed at our fast ice site (0.96 – 214 nmol.L
-1
) relative to 
several pack ice sites (0.87 – 77.7 nmol.L
-1
) and comparison of particulate leachable Fe (plFe) 
with particulate Fe (pFe) indicated the highly refractory nature and therefore most likely 
sedimentary origin of this enrichment.  7) A high particulate-to-dissolved Fe ratio was observed 
at the fast ice site during SIPEX (285:1) relative to the highest observed in pack ice (23:1). This 
suggests a decoupling between the sources and/or sinks of the dissolved and particulate 
  vi
fractions, which is closely linked to the proximity of the continent and a release of shelf-derived 
pFe.  8) Preferential release of dissolved Fe (and not particulate Fe) into brines at all sites 
sampled with the sack-hole method (and therefore indicative of brine drainage), indicates the 
diffuse nature of the dissolved fraction.  Furthermore, this indicates that there may be a temporal 
decoupling between the release of the dissolved and particulate fractions into the water column 
as sea ice becomes more permeable during the seasonal melt. 9) During a temporal study of fast 
ice off the coast of East Antarctica, we observed in high temporal resolution the release of each 
of the size fractions of Fe into the underlying water column.  This information coupled with 
high-quality meteorological data gives valuable insight into the processes involved in the 
seasonal melt of sea ice and its release of Fe. 
 
 
 
 
 
 
 
 
 
 
 
  vii
ACKNOWLEDGEMENTS 
This thesis is based on two field studies in Antarctica and as such would not have been possible 
without the help and support of numerous Australian Antarctic Division staff.   I gratefully 
acknowledge the officers and crew of R.S.V. Aurora Australis, as well as colleagues and support 
personnel involved in the SIPEX and Casey time series expeditions.   
 
Thank you to my three supervisors, Dr Andrew Bowie, Dr Klaus Meiners and Dr. Carol 
Mancuso-Nichols for their untiring support and enthusiasm throughout this project.  Thank you 
to Dr Delphine Lannuzel for your help and mentoring in every aspect of this project, including 
shivering on the ice for hours on end!  
 
I would like to thank Dr Ashley Townsend for his invaluable mentoring and support with the 
ICP-MS analyses.  I would like to thank Dr Tony Worby for his support and training during 
SIPEX.  I am indebted to the Commonwealth Scientific and Industrial Research Organization, 
Marine Research division for providing a clean container for iron concentration enumeration 
during SIPEX.  I am greatly indebted to Dr Christopher Krembs for providing valuable insight 
during the method development stage of chapter 3.  To Dianna Davis for her training in 
processing the POC samples. Thank you to all the staff and students at IASOS and then IMAS 
for providing a fantastic work environment and support.  
This work was sponsored by an Australian Antarctic Science project (#3026) and through a 
scholarship top-up from the Antarctic Climate and Ecosystems Cooperative Research Centre. 
Further acknowledgement for work carried out by other researchers that has been included in 
this thesis is listed in the acknowledgements section after each chapter. 
  viii
PUBLICATIONS RESULTING FROM RESEARCH COMPLETED 
DURING CANDIDATURE 
 
van der Merwe, P., Lannuzel, D., Mancuso Nichols, C., Meiners, K., Heil, P., Norman, L., 
Thomas, D.N. and Bowie, A., 2009. Biogeochemical observations during the winter-spring 
transition in East Antarctic sea ice: evidence of iron and exopolysaccharide controls. Marine 
Chemistry, 115, 163-175. 
 
van der Merwe, P., Lannuzel, D., Bowie, A., Mancuso Nichols, C. and Meiners, K., In Press. 
Iron fractionation in pack and fast ice in East Antarctica: temporal decoupling between the 
release of dissolved and particulate iron during spring melt. Deep-Sea Research Part II 
Oceanographic Research Papers. 
 
van der Merwe, P., Lannuzel, D., Bowie, A., Meiners, K., Submitted. High temporal resolution 
observations of spring fast-ice melt and seawater iron enrichment in East Antarctica. JGR- 
Biogeosciences  
 
Bowie, A., Townsend, A. T., Lannuzel, D., Remenyi, T., & van der Merwe, P. (2010). Modern 
sampling and analytical methods for the determination of trace elements in marine particulate 
material using magnetic sector ICP-MS. Analytica Chimica Acta, 676(1-2), 15-27. 
 
Lannuzel, D., Schoemann, V., de Jong, J., Pasquer, B., Masson, F., van der Merwe, P., et al. 
(2010). What controls the distribution of dissolved iron in Antarctic sea ice: spatial, seasonal or 
inter-annual variability? Journal of Geophysical Research-Biogeosciences, 115(3), G03022. 
 
  ix
Lannuzel, D., Bowie, A., van der Merwe, P., Townsend, A. T., & Schoemann, V. (accepted). 
Distribution of dissolved and particulate metals in Antarctic sea ice. Marine Chemistry. 
 
Nicol, S., Bowie, A., Jarman, S., Lannuzel, D., Meiners, K. and van der Merwe, P., 2010. 
Southern Ocean iron fertilization by baleen whales and Antarctic krill. Fish and Fisheries 
(Oxford), 11 (2), 203-209  
 
Norman, L., Thomas, D.N., Stedmon, C.A., Granskog, M.A., Papadimitriou, S., Krapp, R.H., 
Meiners, K., Lannuzel, D., van der Merwe, P. and Dieckmann, G., In Press. The characteristics 
of dissolved organic matter (DOM) and chromophoric dissolved organic matter (CDOM) in 
Antarctic sea ice. Deep-Sea Research Part II Oceanographic Research Papers. 
  
Aslam S.N., Norman, L., van der Merwe, P., Meiners, K., Thomas, D.N., Underwood, G.J.C. 
Submitted, Characterisation of exopolymeric substances (EPS) from East Antarctic sea ice 
during winter–spring transition, Marine Chemistry. 
 
 
 
 
 
 
 
 
 
 
 
 
  x 
STATEMENT OF CO-AUTHORSHIP 
 
 
The following people and institutions contributed to the publication of the work undertaken as 
part of this thesis: 
 
1/ van der Merwe, P., Lannuzel, D., Mancuso Nichols, C., Meiners, K., Heil, P., Norman, L., 
Thomas, D.N. and Bowie, A., 2009. Biogeochemical observations during the winter-spring 
transition in East Antarctic sea ice: evidence of iron and exopolysaccharide controls. Marine 
Chemistry, 115, 163-175. 
van der Merwe, P., 70% Lannuzel, D. 11%, Mancuso Nichols, C. 5%, Meiners, K. 4%, Heil, P. 
1%, Norman, L. 1%, Thomas, D.N. 1% and Bowie A. 7%, 
 
2/ van der Merwe, P., Lannuzel, D., Bowie, A., Mancuso Nichols, C. and Meiners, K., In 
Press. Iron fractionation in pack and fast ice in East Antarctica: temporal decoupling between 
the release of dissolved and particulate iron during spring melt. Deep-Sea Research Part II 
Oceanographic Research Papers. 
van der Merwe, P. 80%, Lannuzel, D. 10%, Bowie, A. 7.5%, Mancuso Nichols, C 0.5%. and 
Meiners, K. 2%. 
 
3/ van der Merwe, P., Lannuzel, D., Bowie, A., Meiners, K., Submitted. High temporal 
resolution observations of spring fast-ice melt and seawater iron enrichment in East Antarctica. 
JGR- Biogeosciences  
van der Merwe, P. 80%, Lannuzel, D. 10%, Bowie, A. 7.5%, Meiners, K. 2.5%, 
 
 
 
 
 
  xi
First author papers contributions 
 
Author van der Merwe, P. designed and implemented the experiment, collected, processed and 
analysed the samples for dFe, TDFe, PSA EPS, AB EPS, Chl a, salinity, temperature, brine 
volume fraction and ice texture. van der Merwe, P. also collected and processed ready for 
analysis, macro nutrient, DOC, POC, oxygen isotope. All data analysis, statistics and manuscript 
writing by van der Merwe, P. 
 
Author Lannuzel, D. aided in experiment design, collection, processing and analytical analysis 
of samples as well as manuscript drafting. 
 
Author Bowie, A. aided in experimental design, analytical analysis, proposal funding and 
manuscript drafting.   
 
Author Meiners, K. aided in experimental design, analytical analysis and manuscript drafting.   
 
Author Mancuso Nichols, C. aided in experimental design, analytical analysis and manuscript 
drafting.  
 
Author Heil, P. aided in analytical analysis of oxygen isotope samples and manuscript drafting.   
  
Author Norman, L. aided in analytical analysis of macro-nutrient samples and manuscript 
drafting.   
 
Author Thomas, D.N. aided in manuscript drafting.   
 
Co-Authored papers contributions 
 
4/ Bowie, A., Townsend, A. T., Lannuzel, D., Remenyi, T., & van der Merwe, P. (2010). 
Modern sampling and analytical methods for the determination of trace elements in marine 
particulate material using magnetic sector ICP-MS. Analytica Chimica Acta, 676(1-2), 15-27. 
van der Merwe, P., 8 % Aiding in the method development of the particulate digestion and the 
CRM recovery experiment design, digestion, measurement and analysis as well as manuscript 
drafting. 
 
5/ Lannuzel, D., Schoemann, V., de Jong, J., Pasquer, B., Masson, F., van der Merwe, P., 
Tison, J.L. and Bowie, A., Accepted. What controls the distribution of dissolved iron in 
Antarctic sea ice: spatial, seasonal or inter-annual variability? Journal of Geophysical Research-
Biogeosciences. 
  xii
van der Merwe, P., 8 % Sea ice core collection, processing, Chl a, POC and dFe analysis on 
the FIA for the SIPEX data set and manuscript drafting.  
 
6/ Lannuzel, D., Bowie, A., van der Merwe, P., Townsend, A. T., & Schoemann, V. (accepted). 
Distribution of dissolved and particulate metals in Antarctic sea ice. Marine Chemistry. 
van der Merwe, P., 10 % Sea ice core collection, processing, Chl a, POC and dFe analysis on 
the FIA for the SIPEX data set and manuscript drafting. 
 
7/ Nicol, S., Bowie, A., Jarman, S., Lannuzel, D., Meiners, K. and van der Merwe, P., 2010. 
Southern Ocean iron fertilization by baleen whales and Antarctic krill. Fish and Fisheries 
(Oxford), 11 (2), 203-209  
van der Merwe, P., 5 % Sample digestion, preparation and measurement on the ICP-MS as well 
as manuscript drafting.  
 
8/ Norman, L., Thomas, D.N., Stedmon, C.A., Granskog, M.A., Papadimitriou, S., Krapp, R.H., 
Meiners, K., Lannuzel, D., van der Merwe, P. and Dieckmann, G., In Press. The characteristics 
of dissolved organic matter (DOM) and chromophoric dissolved organic matter (CDOM) in 
Antarctic sea ice. Deep-Sea Research Part II Oceanographic Research Papers. 
van der Merwe, P., 5 % Sea ice core collection, processing, Chl a, POC, Salinity, temperature, 
brine volume fraction analysis for the SIPEX “Fe site” data set and manuscript drafting. 
  
9/ Aslam S.N., Norman, L., van der Merwe, P., Meiners, K., Thomas, D.N., Underwood, 
G.J.C. Submitted, Characterisation of exopolymeric substances (EPS) from East Antarctic sea 
ice during winter–spring transition, Marine Chemistry. 
van der Merwe, P., 5 % Sea ice core collection, processing, Chl a, POC, Salinity, temperature, 
brine volume fraction analysis for the SIPEX “Fe site” data set and manuscript drafting. 
  xiii
 
 
 
 
 
 
 
 
 
We the undersigned agree with the above stated “proportion of work undertaken” for each of the 
above published (or submitted) peer-reviewed manuscripts contributing to this thesis: 
 
 
 
Signed: __________________   ______________________ 
 
Andrew Bowie     Michael Stoddart 
Supervisor      Director 
Antarctic Climate & Ecosystems Institute for Marine and 
Cooperative Research Centre  Antarctic Studies 
University of Tasmania University of Tasmania 
     
 
 
Date:_____________________   Date:_____________________ 
 
 
THE ROLE OF IRON AS A MICRONUTRIENT IN THE ANTARCTIC SEA ICE 
ENVIRONMENT I 
DECLARATION OF ORIGINALITY II 
STATEMENT OF AUTHORITY OF ACCESS III 
THESIS ABSTRACT IV 
ACKNOWLEDGEMENTS VII 
PUBLICATIONS RESULTING FROM RESEARCH COMPLETED DURING CANDIDATURE
 VIII 
STATEMENT OF CO-AUTHORSHIP X 
FIRST AUTHOR PAPERS CONTRIBUTIONS XI 
CO-AUTHORED PAPERS CONTRIBUTIONS XI 
1. INTRODUCTION - 4 - 
1.1. ROLE OF SEA ICE IN REGULATING THE EARTH’S CLIMATE - 5 - 
1.2. BACKGROUND TO SEA ICE FE MEASUREMENTS - 6 - 
1.3. FULL SEA ICE FE PROFILING STUDIES AND MAJOR FINDINGS - 9 - 
1.4. THE LINK BETWEEN PHYSICAL AND BIOGEOCHEMICAL PROPERTIES - 11 - 
1.5. AIMS - 16 - 
2. METHODOLOGY - 18 - 
2.1. SAMPLING - 18 - 
2.2. METHOD DEVELOPMENT - 25 - 
2.2.1. INSTRUMENTAL DEVELOPMENT - 25 - 
2.2.2. SAMPLE PROCESSING - 27 - 
2.2.3. ANALYTICAL METHOD DEVELOPMENT - 29 - 
3. BIOGEOCHEMICAL OBSERVATIONS DURING THE WINTER-SPRING TRANSITION IN EAST 
ANTARCTIC SEA ICE: EVIDENCE OF IRON AND EXOPOLYSACCHARIDE CONTROLS. - 31 - 
3.1. ABSTRACT - 31 - 
3.2. INTRODUCTION - 32 - 
3.3. MATERIAL AND METHODS - 34 - 
3.3.1. SAMPLING AREA - 34 - 
3.3.2. SAMPLING METHODS - 35 - 
3.3.3. MEASURED VARIABLES - 36 - 
3.3.3.1. PHYSICAL VARIABLES - 36 - 
3.3.3.2. BIOGEOCHEMICAL VARIABLES - 37 - 
3.3.3.3. EXOPOLYSACCHARIDES - 37 - 
3.3.3.3.1. PHENOL SULFURIC ACID METHOD - 38 - 
3.3.3.3.2. ALCIAN BLUE METHOD - 39 - 
3.3.3.4. MACRO-NUTRIENTS, POC/PON AND DOC - 40 - 
3.3.3.5. IRON - 41 - 
3.3.3.6. PROPERTY-PROPERTY RELATIONSHIPS - 41 - 
3.4. RESULTS - 41 - 
3.4.1. SEA ICE TYPES AND THERMAL REGIME - 41 - 
3.4.2. BIOGEOCHEMICAL VARIABLES - 45 - 
3.4.2.1. CHL A, NUTRIENTS, DOC, POC, PON AND EPS - 45 - 
3.4.3. PROPERTY-PROPERTY RELATIONSHIPS - 52 - 
3.5. DISCUSSION - 54 - 
3.5.1. PHYSICAL VARIABLES - 54 - 
3.5.2. EXOPOLYSACCHARIDES - 55 - 
3.5.3. EXOPOLYSACCHARIDE CORRELATIONS - 57 - 
3.5.4. BIOGEOCHEMICAL VARIABLES - 59 - 
3.6. CONCLUSION - 63 - 
3.7. ACKNOWLEDGMENTS - 64 - 
3.8. CHAPTER 3 APPENDIX - 66 - 
  - 2 -
4. IRON FRACTIONATION IN PACK AND FAST ICE IN EAST ANTARCTICA: TEMPORAL DECOUPLING 
BETWEEN THE RELEASE OF DISSOLVED AND PARTICULATE IRON DURING SPRING MELT. - 67 - 
4.1. ABSTRACT - 67 - 
4.2. INTRODUCTION - 68 - 
4.3. METHOD - 70 - 
4.3.1. SAMPLING AND SAMPLE PROCESSING - 70 - 
4.3.2. PARTICULATE FE - 73 - 
4.3.3. DISSOLVED AND TOTAL DISSOLVABLE FE - 75 - 
4.3.4. CHLOROPHYLL A - 75 - 
4.3.5. PARTICULATE ORGANIC CARBON - 75 - 
4.4. RESULTS AND DISCUSSION - 76 - 
4.4.1. SAMPLING SITES - 76 - 
4.4.2. PARTICULATE FE - 77 - 
4.4.3. DISSOLVED FE - 82 - 
4.4.4. PARTICULATE TO DISSOLVED FE RATIO - 84 - 
4.4.5. TOTAL DISSOLVABLE FE (TDFE) - 88 - 
4.4.6. PARTICULATE LEACHABLE FE (PLFE) - 90 - 
4.4.7. TEMPORAL DECOUPLING IN THE RELEASE OF FE FRACTIONS - 92 - 
4.4.8. INPUT OF CONTINENTAL SHELF DERIVED PFE TO FAST ICE - 93 - 
4.5. CONCLUSIONS - 94 - 
4.6. ACKNOWLEDGMENTS - 95 - 
4.7. CHAPTER 4 APPENDIX - 96 - 
5. HIGH TEMPORAL RESOLUTION OBSERVATIONS OF SPRING FAST-ICE MELT AND SEAWATER IRON 
ENRICHMENT IN EAST ANTARCTICA. - 98 - 
5.1. ABSTRACT - 98 - 
5.2. INTRODUCTION - 100 - 
5.3. METHODS - 102 - 
5.3.1. STUDY SITE - 102 - 
5.3.2. SAMPLE COLLECTION - 103 - 
5.3.3. PHYSICAL VARIABLES - 105 - 
5.3.4. FE MEASUREMENTS - 105 - 
5.3.4.1. TDFE AND DFE - 106 - 
5.3.4.2. PFE - 106 - 
5.3.5. MACRO-NUTRIENTS, POC/PON AND CHL A - 107 - 
5.3.6. MICROSCOPIC EXAMINATIONS - 108 - 
5.4. RESULTS AND DISCUSSION - 108 - 
5.4.1. PHYSICAL VARIABLES - 108 - 
5.4.1.1. AIR TEMPERATURE - 108 - 
5.4.1.2. THE INFLUENCE OF AIR TEMPERATURE ON SEA ICE PHYSICAL PROPERTIES - 110 - 
5.4.2. POC AND CHL A - 112 - 
5.4.3. DISSOLVED MACRONUTRIENTS - 116 - 
5.4.4. BIOLOGICAL OBSERVATIONS - 118 - 
5.4.5. IRON - 119 - 
5.4.5.1. SNOW - 119 - 
5.4.5.2. SEA ICE AND BRINES - 121 - 
5.4.6. FACTOR ANALYSIS - 123 - 
5.4.7. COMPARISON WITH PUBLISHED DATA - 124 - 
5.4.8. SEAWATER FE CONCENTRATIONS AND FLUXES - 126 - 
5.5. CONCLUSION - 129 - 
5.6. ACKNOWLEDGMENTS - 130 - 
5.7. APPENDIX TABLE - 131 - 
6. GLOBAL SUMMARY AND FUTURE WORK - 132 - 
6.1. DISCUSSION AND PERSPECTIVES - 136 - 
6.1.1. BIOAVAILABILITY OF SEA ICE DERIVED FE - 136 - 
6.1.2. INCORPORATION OF SEA ICE FE IN GLOBAL BIOGEOCHEMICAL MODELS - 138 - 
  - 3 -
6.1.3. CLIMATE CHANGE INDUCED REDUCTION OF SEA ICE AND IMPLICATIONS FOR SOUTHERN OCEAN 
PRODUCTIVITY/CARBON SEQUESTRATION - 140 - 
7. REFERENCES - 143 - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
